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Abstract 
An experimental setup has been developed for the monitoring of ultrasonic parameters during polymerization in the context of 
the monitoring of composite plate production. An analytical approach is proposed based on the modeling of the wave velocity 
fitted by a Weibull distribution and was investigated to validate this approach by the Debye series modeling (DSM).The 
monitoring of the cured epoxy is also performed after curing in order to study the thermal transformation compared with DSC 
measurements. As a result, an approximated frequency-temperature (f, T) model is proposed for attenuation and velocity 
frequency and temperature dispersions. 
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1. Introduction 
Organic matrix composites are materials composed of fibers, continuous or non-embedded, in a polymer matrix 
and may be either thermoplastic or thermosetting. In aeronautics, the most common is the carbon/epoxy composite 
used for its good mechanical strength and temperature resistance. The use of sensors to monitor the physical and 
mechanical properties during manufacture is a topical issue [1-2]. Among various techniques of non-destructive 
testing and evaluation (NDT&E), ultrasonic methods are used to measure velocity and attenuation of various 
materials. This paper is divided into three parts: the first describes the proposed experimental setup. The second part 
is focused on the isothermal cure monitoring of the ultrasonic properties, i.e. setpoint temperature sensitivity and 
electro-acoustic response modeling during the polymerization. Lastly, the monitoring of ultrasonic parameters after 
curing is compared with DSC measurements and an approximated frequency-temperature (f, T) model is proposed. 
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2. Experiment 
The experimental setup for the ultrasound polymerization monitoring is made up of a longitudinal 5 MHz contact 
transducer used in pulse-echo mode (Figure 1). A Pt100 temperature sensor is immersed in the epoxy resin in order 
to record the exact temperature of the epoxy resin during the polymerization. The two first round-trip echoes s1(t) 
and s2(t) are used to evaluate the ultrasonic properties of the epoxy resin (Resoltech®), i.e. its longitudinal wave 
velocity cEpo and longitudinal attenuation αEpo, respectively [2]. 
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Figure 1: (a) Experimental setup for the ultrasound polymerization monitoring. (b) Typical pulse-echo response. 
3. Isothermal cure 
3.1. Phase transformation 
The ultrasonic property variations during the polymerization at a setpoint temperature T = 35°C are illustrated by 
Figure 2 (a). The wave velocity cEpo (red curve) and attenuation αEpo (blue curve) are monitored during the 
polymerization. From these curves, some typical parameters help to identify the different stages of the crosslinking 
reaction. Stage (1), from tacq = 0 to 7 h, is the liquid viscous state characterized by a slight increase of the ultrasonic 
speed. Stage (2), from tacq = 7 to 26 h, is the glassy transition stage. In this zone, the gelation stage (2a) is starting 
from the gelation time (tg) up to the glassy solid time (tgs = (tg + ts)/2). Then, follows the vitrification stage (2b), 
characterized by a decrease in the reaction kinetics, i.e. [tgs; ts]. The saturation solid stage (3) starts at the saturation 
time (ts) and corresponds to the end of the polymerization, i.e. negligible polymerization kinetics. The attenuation 
peak occurring at the time (tv) nearly matches that of the glassy solid time (tgs). 
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Figure 2: (a) Polymerization time dependence of the ultrasonic properties: wave velocity cEpo (m/s) (red ) and attenuation αEpo (Np/m) (blue{), 
at a setpoint temperature T = 35°C and (b) wave velocity cEpo (m/s) and associated Weibull fit (solid lines) for the setpoint temperatures T = 30, 
35 and 40°C. 
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3.2. Model-fitting kinetics of isothermal cure 
A close approach of the polymerization reaction kinetics, leads to consider the (λ, k ) Weibull distribution [2]: 
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For the setpoint temperatures T = {30, 35, 40}°C, the reaction kinetics increases with temperature (Figure 2 (b)), i.e. 
an decreasing time constant  λ ≈ {22, 18, 14} and decreasing power constant k ≈ {2.4, 2.1, 2.0}, respectively. 
3.3. Debye series modeling (DSM) 
The round-trip echoes s1(t) and s2(t) during polymerization are shown in the Figure 3. Experimental pulse-echo 
responses during the polymerization (Figure 3 (a)) are compared with the modeled Debye series method (DSM) [3] 
electro-acoustic response (Figure 3 (b)), on the basis of the Weibull fit in the epoxy layer (eq. (1)). 
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Figure 3: Round-trip echoes s1(t) and s2(t) in dB scale during polymerization at T = 35°C: (a) Experimental result and (b) DSM modeling. 
4. Monitoring after curing 
4.1. DSC measurements 
Differential Scanning Calorimetry (DSC) measurement of a cured epoxy sample fabricated at T = 35°C (Figure 
4(a)) shows a glass transition stage with Tg = 48°C and an enthalpy relaxation at Te = 57°C. The ultrasonic velocity 
cEpo and attenuation ĮEpo were monitored in good agreement with DSC (Figure 4 (b)) from 25°C to 66°C. 
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Figure 4: (a) DSC measurements and (b) ultrasonic monitoring of a cured epoxy during a heating. 
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4.2. Approximated frequency-temperature model 
Based on the experimental results, we can identify the (f, T) dependence of (αEpo, cEpo) ultrasonic parameters in 
restricted frequency and temperature ranges, i.e. f ∈ [1; 3] MHz and T ∈ [25; 66]°C, respectively. As a result of a 
fitting procedure, the wave velocity and attenuation are fitted as a function of frequency [4] and temperature. 
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where af,c ≈ 7.18.10–9 Hz–1, p ≈ 1.1, fc = 2 MHz, cEpo,T (T) and αEpo,T (T) (black curves in the Figure 4 (b)) are the 
wave velocity and attenuation as a function of temperature, respectively. For instance, at the temperature T = 25°C, 
the wave velocity is cEpo,T (25°C) = 2460 m/s and the attenuation is αEpo,T (25°C) = 144 Np/m. The comparison 
between the experiment and the (f, T) model (eq. (2)) is shown in Figure 5. This model not only describes the (f, T) 
variation of ultrasonic parameters, but also considers the glassy transition and the enthalpy relaxation stages. 
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Figure 5: Frequency and temperature dispersion compared between experimental measurements (color line) and the (f, T) model (black line) 
for (a) velocity cEpo(f) and (b) attenuation αEpo(f), for T = {25, 62, 66} °C. 
5. Conclusion 
In the aim of achieving an accurate monitoring of thermosetting resin during an isothermal curing process, an 
experimental setup has been developed. Phase transformation (liquid viscous stage, glassy transition stage and 
saturation solid stage) was monitored and studied. As a result, the time dependence of the wave velocity cL was 
modeled by a Weibull distribution. The temperature sensitivity of ultrasonic parameters after curing was compared 
in agreement with DSC results. In the investigated frequency f ∈ [1; 3] MHz and temperature T ∈ [25; 66]°C ranges, 
an approximated (f, T) model was validated experimentally, both for the attenuation and velocity dependencies. 
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